
THE INFLUENCE OF PARTICLE SIZE AND STRUCTURE ON THE MJSSBAUER 
SPECTRA OF IRON CARBIDES FORMED D U R I N G  FISCHER-TROPSCH SYNTHESIS 

R .  R .  C a t t e  and J .  P h i l l i p s  

The Pennsylvania S t a t e  Un ive r s i ty  
133 Fenske Laboratory 

Un ive r s i ty  Park, PA 16802 

In t roduc t ion  

C h a r a c t e r i z a t i o n  of t h e  a c t i v e  and s t a b l e  phase of i ron-based Fischer-Tropsch 
c a t a l y s t s  has been a t o p i c  of i n v e s t i g a t i o n  f o r  s e v e r a l  yea r s  (1-10) .  Yet, a g r e a t  
d e a l  o f  c o n t r o v e r s y  s t i l l  s u r r o u n d s  t h e  i d e n t i t y  of t h e  phase ( s )  p re sen t  du r ing  
s y n t h e s i s .  T h i s  s t e m s  from t h e  f a c t  t h a t  n e i t h e r  x - r a y  nor MBssbauer s t u d i e s  
have proven capable  of unambiguously c h a r a c t e r i z i n g  t h e  me tas t ab le  c a r b i d e s  fo rmed .  

I n v e s t i g a t i o n s  o f  t h e  m e t a s t a b l e ,  o c t a h e d r a l  c a r b i d e s  ( a s  t h e y  h a v e  been 
termed (5)) have been going on for many yea r s  ( l l - l e ) ,  d a t i n g  back t o  a t  l e a s t  1949 
( 1 2 ) .  The i r o n  s t r u c t u r e  h a s  been a s s i g n e d  a s  HCP ( o r  ' n e a r l y '  H C P )  w i th  the  
carbon atoms occupying t h e  o c t a h e d r a l  ho les .  The most  n o t a b l e  of t h e s e  a r e  t h e  E 

and E '  c a r b i d e s .  X-ray r e s u l t s  have, however, been r a t h e r  u n s a t i s f a c t o r y  for  many 
reasons.  For i n s t a n c e ,  t h e  commercial c a t a l y s t s  s t u d i e d  c o n t a i n e d  many m e t a l l i c  
a d d i t i v e s  and  in most cases  t h e  small  c r y s t a l l i t e  s i z e s  gave rise t o  broad,  poorly 
resolved l i n e s .  

I n  r e c e n t  y e a r s ,  e m p h a s i s  h a s  s h i f t e d  t o w a r d  t h e  use of M 6 s s b a u e r  
spectroscopy f o r  i n - s i t u  s t u d i e s  of t h e  c a r b u r i z a t i o n  b e h a v i o r  (1 -10 ,  13-15. 18 ) .  
Aga in ,  a number of c o n f l i c t i n g  r e p o r t s  have appeared.  Many workers sugges t  t h a t  x 
and E '  are t h e  a c t i v e  phases ,  with E '  b e i n g  p r e s e n t  i n  smaller p a r t i c l e s  ( 4 , l O ) .  
O t h e r s  have a r g u e d  t h a t  t h e  dominant  p h a s e s  a r e  E and E '  (2 .8 ,9) .  S t i l l  o t h e r s  
have suggested t h a t  t h e  i d e n t i t i e s  of E and E '  a r e  a c t u a l l y  t h e  r e v e r s e  of what h a s  
been g e n e r a l l y  r e p o r t e d  ( 5 ) .  I t  s h o u l d  be, c l e a r  from a c a r e f u l  review o f  t h e s e  
s t u d i e s  t h a t  t h e  ambiguity arises from t h e  d i f f i c u l t  i n t e r p r e t a t i o n  of t h e  s p e c t r a  
o b t a i n e d .  T h i s  may be due t o  t h e  f a c t  that t h e s e  phases  are present  a s  very small 
p a r t i c l e s  ( c a .  1 0  nm d i a m e t e r ) ,  which i n t r o d u c e s  r e l a x a t i o n  e f f e c t s  i n t o  t h e  
s p e c t r a .  F u r t h e r ,  t h e  c h a r a c t e r i s t i c  peaks a t t r i b u t e d  t o  E and E '  ca rb ide  a r e ,  i n  
most cases ,  p re sen t  a s  background l i n e s  superimposed on a s t r o n g  s p e c t r a l  component 
of n-Fe or Fe-oxide. 

I t  w i l l  be shown t h a t  i f  s p e c t r a  are  c o L l e c t e d  f o r  a s i n g l e  sample over  a 
range of temperatures ,  and i f  r e l a x a t i o n  e f f e c t s  a r e  p r o p e r l y  a c c o u n t e d  f o r ,  t h e  
M6ssbaue r  resu l t s  can  g i v e  n o t  o n l y  a c c u r a t e  i d e n t i f i c a t i o n  of t h e  p h a s e ( s )  
present  but a l s o  q u a n t i t a t i v e  p a r t i c l e  s i z e  in fo rma t ion  and q u a l i t a t i v e  i n f o r m a t i o n  
r ega rd ing  p a r t i c l e  s t r u c t u r e  and t h e  n a t u r e  of p a r t i c l e / s u p p o r t  i n t e r a c t i o n .  

Discussion 

I n  t h i s  s t u d y  a M6ssbauer  m o d e l l i n g  r o u t i n e ,  d e s c r i b e d  i n  e a r l i e r  work 
( 1 9 - 2 1 ) ,  d e s i g n e d  t o  a c c o u n t  f o r  c o l l e c t i v e  m a g n e t i c  e x c i t a t i o n s  ( 2 2 , 2 3 ) ,  
s u p e r p a r a m a g n e t i c  r e l a x a t i o n  ( 2 4 )  and quadrupole  s h i f t  d i s t r i b u t i o n  (25 ,26) ,  was 
used t o  gene ra t e  t h e o r e t i c a l  i r o n - c a r b i d e  s p e c t r a  which c o u l d  t h e n  be a n a l y z e d  
u s i n g  a c o n v e n t i o n a l  l e a s t - s q u a r e s  f i t t i n g  r o u t i n e  ( 2 7 ) .  S e v e r a l  p a r a m e t e r s  
( inc luding ,  temperature ,  an i so t ropy  energy c o n s t a n t ,  quadrupole s h i f t  d i s t r i b u t i o n ,  
and  p a r t i c l e  s i z e  d i s t r i b u t i o n )  were s y s t e m a t i c a l l y  v a r i e d  t o  check t h e  e f f e c t  on 
t h e  observed s p e c t r a .  The s t a r t i n g  parameters were t h o s e  of X-carbide (25) .  

From t h e  r e s u l t s  (shown i n  F i g u r e s  1 - 4 ,  and  T a b l e s  1-111) t h e  f o l l o w i n g  
conclusions can be drawn: 
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1. )  A t  least  one phase of o c t a h e d r a l  carb ide  forms dur ing  Fischer-Tropsch s y n t h e s i s .  

2 . )  The p a r t i a l l y  r e l a x e d  spectrum of t h i s  phase can be reasonably  w e l l  f i t  wi th  a 
s i n g l e  s e x t u p l e t  wi th  Hhf 170 kOe and 61s Z . 2 5  m m / s  ( 2 8 ) .  However,  due t o  
t h e  c l e a r  a s s y m e t r y  o f  t h e  s p e c t r u m ,  more t h a n  o n e  s e x t u p l e t  i s  p r o b a b l y  
present .  

3 . )  A wide p a r t i c l e  s i z e  d i s t r i b u t i o n  cannot account f o r  t h e  broadness observed i n  
t h e  peaks a t t r i b u t e d  t o  E'-carbide.  and t h e  u n r e l a x e d  h y p e r f i n e  f i e l d  of  t h i s  
phase is probably l a r g e r  than  170 kOe. 

4 . )  The p a r t i c l e  s i z e s  r e p o r t e d  on t h e  b a s i s  of x-ray d a t a  cannot be c o r r e c t  ( i . e . ,  
358 p a r t i c l e  r a d i u s ) ,  s i n c e  i t  is imposs ib le  t o  o b t a i n  a d e f i n e d  s e x t u p l e t  for 
a p a r t i c l e  s i z e  th i s  small. Relaxa t ion  e f f e c t s  become overwhelming. 

A l l  of t h e s e  conclus ions  w i l l  be d i s c u s s e d  i n  g r e a t e r  d e t a i l .  
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TABLE I: Comparison o f  input  and f i t t e d  MBssbauer parameters f o r  a bulk 
X-carbide phase.  

Parameter Fe S i t e  Input  Values F i t t e d  Values 

I 
I1 
I11 

196.0 
217.0 
11a.o 

+O. 15 
+0.17 
+0.15 

I 0.00 
I1 + O .  027 
I1 I -0.012 

196.5 
21 7.5 
117.5 

+O. 149 
+0.169 
+0.143 

-0.003 
+0.025 
-0.021 

Re la t ive  I 3:2:1 3.9:3.2:1.2 
I n t e n s i t y  I1 3:2:1 4.0:Z.l: 1.7 

I11 1.5:1:0.5 2.0:1.4:0.4 

Linewi d ths  I .25:.23:.23 .5: .43: .35 
(mm/sec) I1 .25:.23:.23 .4a:.4a:.46 

111 .25:.23:.23 . 6 1 : . 6 a : . n  

*Other i npu t  parameters  were ( i )  an i so t ropy  ene rgy  cons t an t  = 1,000,000 
erg/cm3, ( i i )  ave rage  p a r t i c l e  s i z e  = ZOOA, ( i i i )  temperature  - 300 K ,  
( i v )  o = 1.20 
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FIGURE CAPTIONS 

Figure I .  

Figure 2. 

Figure 3. 

Figure 4. 

Effec t  of an i so t ropy  energy cons t an t  on spectrum. 
erg/cm3; ( b )  K = 1,500,000 erg/cm3; ( c )  K - 3,000,000 erg/cm3. Other 
input parameters  were (i) average p a r t i c l e  s i z e  = 558; ( i i )  a = 1.20;  
( i i l )  T = 300K. 

Ef fec t  o f  narrowness of p a r t i c l e  s i z e  d i s t r i b u t i o n  on spectrum. ( a )  o - 
1.25; ( b )  a - 1.10; ( c )  a = 1.05;  ( d )  log-normal d i s t r i b u t i o n  func t ion  
f o r  s e v e r a l  a va lues .  Other input  parameters were ( i )  average p a r t i c l e  
s i z e  - 55A; (11) T = 3OOK; ( i i i)  an i so t ropy  energy cons t an t  = 1,000,000 
erg/  cm3. 

Ef fec t  of a v a r i a t i o n  o f  ( equa t ion  (31,  Ref. 25) .  (a) = 0;  ( b )  
- . 5 ~ ~ ~ ~ i ~ < c ~ < . 5 ~ ~ ~ ~ i ~ ;  ( c )  -.75Ecurie<~o<.75Ecurie. Other inpu t  
parameters were ( i )  average p a r t i c l e  s i z e  = 808; ( i i )  a = 1.20; ( l i l )  T 
= 300K; ( l v )  an i so t ropy  energy cons t an t  = 1,000,000. 

Effect of temperature  on spectrum. ( a )  T = 350K; ( b )  T = 300K; ( c )  T = 
80K. Other parameters were ( i )  average p a r t i c l e  s i z e  = 558; ( l i )  a = 
1.20; ( i i i )  an l so t rophy  energy cons t an t  = 1,000,000 erg/cm3. Values of 
Hhf and 61s were taken from Ref. 25 at each t empera tu re .  

( a )  K = 150,000 
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